Unwanted water production together with oil and gas production is a striking problem in oil and gas industries, and many approaches have been examined to overcome this major problem. Preformed particle gels (PPGs) showed dramatically good properties for this purpose in mature oil and gas reservoirs. In this study, we carefully synthesized an efficient series of PPGs with using a design of experiments (DOE) software. Acrylamide (AAm)/Acrylic acid (AA) mole ratio, N,N'-methylenebisacrylamide (MBA) mole percentage and swelling time were considered as key parameters to examine PPG swelling behavior. Our results presented a detailed empirical correlation, which could significantly predict the swelling capacity of PPGs in CaCl 2 salt solution (200,000 ppm).
Introduction
Today, the remained oil in the most of oil reservoirs is a heavy oil. Because of increasing demand for energy sources, enhanced oil recovery (EOR) from oil reservoirs has been vastly considered in the worldwide. There are several approaches to upgrade the heavy oil from reservoirs such as gas injection, water flooding, thermal, and chemical methods. In many EOR approaches, it is tried to reduce oil viscosity and literally squeeze oil through the pores of the oil matrix. producers in many EOR processes. Because unwanted water production increases the corrosion level, environmental worries, burden on fluid-handling facilities and eventually workover costs, it is contrary to the economically oil production. When the amount of unwanted water production exceeds the economic limitations of water oil ratio (WOR), the production is winded up and the well is closed. Hence, a major objective of many oil producers is to control unwanted water production.
There are different ways to control unwanted water production from oil and gas reservoirs; solutions that are relatively inexpensive to more complex. Gel treatment is one of the successful methods to control unwanted water production from fractured oil reservoirs [1] [2] [3] . The gel reduces water production by using two mechanisms: changing wettability [4] [5] or/and blocking fractures [6] . Hitherto, gels have been employed in both immature (gelant) [7] [8] [9] and preformed particle gel (PPG) forms [10] [11] . One of the differences between these two forms is that the crosslinking process of gelant occurs at the reservoir conditions while it occurs in the surface facilities for PPGs. The fundamental discrepancy between the gelant and PPG is that PPG is resistant against all kinds of salt solutions with high concentration, temperature and pressure. This difference makes PPG approach to be superior. In addition, PPG is adjustable in size between micrometers and centimeters, is inflatable between 50 -200 times of original size, and is controllable in the swelling behavior. Therefore, PPGs are more successful than immature gels [12] [13] .
Based on the currently available evidences, the most important parameters that affect the PPG performance are its synthesis approach [14] [15] [16] , the properties of salt solution and the properties of medium in where PPG is swollen. Solution and suspension polymerization are two well-known synthesis approaches. Type and mole ratio of monomers [15] [17], type of initiator [18] , type of additive [10] [19] and type and mole percentage of the crosslinking agents [14] are the key factors in a synthesis reaction. Concentration, pH, and type of salt solution are the most important properties of salt solutions. The most prominent features of medium that affect the hydrogel swelling behavior are pressure and temperature [10] [14] .
Despite all experimental and field investigations carried out on the use of PPG samples to control unwanted water production [10] [11] and on poly(acrylamideco-acrylic acid) as a good commercial superabsorbent, no one examined the polymerization approach to optimize the swelling percentage of poly(acrylamideco-acrylic acid) in high salinity water (CaCl 2 salt water, 200,000 ppm). On the best of our knowledge, there is not any report in the literature that presents an efficient empirical correlation for water conformance based optimized key parameters affecting swelling capacity of poly(acrylamide-co-acrylic acid) in CaCl 2 salt water as one of the most effective salts in the formation water. The aim of this work is to develop an optimum empirical correlation to predict the swelling capacity of PPGs, composed of AAm and AA, in CaCl 2 salt water (200,000 ppm). To do so, the overall acceptable ranges of AAm/AA mole ratio [19] , MBA mole S. Heidari et al.
percentage [19] , and swelling time were examined as vital factors affecting the swelling percentage of PPGs in the salt water. Existing such empirical correlation that can optimize the swelling capacity of PPGs in the high salinity water can help producers to know how much PPGs have to be injected into the reservoir for water conformance.
Design of experiments (DOE) software is a benefit tool to elucidate and op- In this study, we first synthesized 17 PPG samples by free radical approach based on CCD suggested runs. Then, we swelled PPGs in CaCl 2 salt water and examined their swelling behavior. After that, we presented an empirical correlation that it can predict the swelling percentage of PPG samples. In the end, we evaluated the accuracy of our proposed correlation.
B 2. Experiments

B 2.1. Materials
Acrylamide (AAm, Sigma-Aldrich, >99%) and acrylic acid (AA, Sigma-Aldrich, > 99%) were two monomers used in this study. N,N'-methylenebisacrylamide (MBA, Sigma-Aldrich, >99%) and sodium persulfate (Na 2 S 2 O 8 , Sigma-Aldrich, >98%)
were used as a crosslinking agent and an initiator, respectively. Distillated water was used as solvent in the synthesis experiments. CaCl 2 (CaCl 2 , Merck Company, 99%) salt solution with the concentration of 200,000 ppm was used in swelling experiments.
B 2.2. Central Composite Design (CCD)
To synthesis PPG samples and study their swelling behaviors, we considered the mole ratio of AAm/AA, mole percentage of MBA and swelling time as the dominant factors. Table 1 shows the mixing ranges of these key factors. As reported in [20] , the mole ratio of AAm/AA and the mole percentage of the crosslinker agent in the copolymerization reaction are better to be in the range of 2 -10 mole ratio and 4 -20 mole percentage, respectively. In addition, several authors were used these mentioned ratios for AAm/AA and MBA [16] [30]. To achieve our aim, synthesizing an efficient set of PPG samples with an optimum swelling percentage, CCD suggested 17 experiments that three of them were replicated as the central points. Table 2 shows these proposed experiments.
Synthesis Experiments
To perform the 17 designed experiments, we first prepared crosslinking solu- added to the falcontube by using a microliter pipette (100 -1000 µL, WATSON NEXTY Japan). In the end, 0.1 mL of the initiator solution (by using the microliter pipette) was quickly augmented to the falcontube to begin the synthesis reaction. Immediately after that, the falcontube was completely closed and quickly put in the oil bath that it was heated to exactly 80˚C. The falcontubes were kept in the oil bath just for three hours.
Swelling Experiments
To investigate the swelling percentage of PPG samples, we first prepared 
where, m t and m o are the wet and dry weight of PPG samples, respectively.
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Results and Discussion
In this study, we synthesized 17 PPG samples as previously described to examine the swelling behavior of hydrogels. To check the desirability of the synthesized PPG structure and its morphology, Fourier transform infrared spectroscopy (FT-IR, Shimadzu FTIR-8300) and scanning electron microscopy (SEM, VEGA3 TESCAN, at 20 kV) were fulfilled. As an example, FT-IR of PPG sample 5 was shown in Figure so, the swelling experiments were carried out as previously described; the results were given to the software. CCD used these data to offer a mathematical model, which can predict the swelling percentage of PPG samples. Table 3 However, the trend of swelling changes of hydrogels against these dominant factors is not obvious in detail.
Based on the fit summary analysis, CCD suggested a quadratic model for the response. Table 4 shows the details of the analysis of variance (ANOVA) tab. Since the vital properties of the model are in the statistically confident level of 95%, the proposed model is significant; these properties are the P-value less than 0.0001 and the F-value equal to 154.43. On the basis of ANOVA results, A, B, C, A 2 and C 2 terms are dominant factors, which have P-value less than 0.0500.
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To adjust the response surface and the process parameters, CCD suggested a natural log transformation model. The value of R square was almost one (Table 5) , which confirms the compatibility between the experimental results and the predicted values. Additionally, the slight difference between R 2 and adjusted R 2 (less than 0.2) verifies the accuracy of the proposed model. Equation (2) reveals the final coded mathematical model proposed by CCD in terms of coded factors. 
where A, B, and C are the previously defined parameters as key factors.
The diagnostic tab showed the validation of the model by the normal (Figure 3) and residual plot (Figure 4 ). Since the majority of the residuals were on the straight line, the error distribution of the performed experiments was normal. In addition, no unnatural schema or structure unfolded in the residual plot.
Which process parameter can more affect response surface? To find the answer, CCD changed one factor over its entire range while other factors were kept The contour plot shown in Figure 8 confirms that PPG samples have a To optimize the swelling percentage of PPG samples in CaCl 2 salt water, in the numerical optimization tab, we considered the variation range of each key parameter in the same as its previously defined range (Table 1 ). In addition, the maximum value of the Ln (swelling percentage) was defined as the goal of optimization. CCD suggested three solutions to achieve this aim. Table 6 displays these proposed solutions.
To check the accuracy of the proposed optimization solutions, we performed the synthesis experiments based on the suggested values by CCD (Table 6 ). 
Conclusion
The present study awards a significant empirical correlation to predict swelling behaviors of PPGs in CaCl 2 salt solution. The accuracy of the presented correlation was verified by several synthesis experiments. Although the synthesis mechanism of hydrogels remains to be determined, the suggested correlation can be used as a diagnostic test for many of polymer researchers. Since PPG treatment is one of the best cost-effective approaches for oil and gas producers to control unwanted water production, our study provides the framework for future studies to assess PPG performance in CaCl 2 salt solution.
